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INVESTIGATION OF EFFECTS OF RAMP SPAN AND DEFLECTION ANGLE 

ON LAMINAR B O U M I A H Y - U Y ~  SEPARATION AT mm 10.031 

By Lawrence E. Putnam 
Langley Research Center 

L5xnmmY 
p 1 / S 6  0 

An investigation has been made i n  the  Langley l5-inch hypersonic flow 
apparatus t o  es tab l i sh  the  extent and magnitude of t he  separation-induced pres- 
sure d i s t r ibu t ion  on f la t  surfaces ahead of small-span ramps and t o  evaluate 
t h e  usefulness of two-dimensional separation theory f o r  correlat ing and pre- 
d ic t ing  the  charac te r i s t ics  of laminar separation i n  three-dimensional flow. 
Pressure d is t r ibu t ions  were obtained on a f l a t  p l a t e  with an aft-mounted ramp 
a t  a Mach number of 10.03 and Reynolds numbers per  inch of approximately 
1.27 X 16 and 1.53 x 105. 
and the r a t i o  of the  ramp span t o  the  ramp chord ( the ramp aspect r a t i o )  was 
varied from 2 t o  4 by varying the ramp span. 

The ramp deflection angle was varied from Oo t o  40° 

The experimental r e s u l t s  indicate  t h a t  increasing the  def lect ion angle of 
a f ini te-span ramp from loo t o  400 r e s u l t s  i n  increases i n  the  length of t he  
separated region along the  model center l i n e  and i n  the  magnitude of t he  pres- 
sures i n  the  separated region. Decreasing the ramp aspect r a t i o  from 4 t o  2 
a t  a given def lect ion angle r e su l t s  i n  decreases i n  the  magnitude of the pres- 
sures i n  the  separated region. The separation length along t he  model center 
l i n e  decreases almost l i nea r ly  with decreasing aspect r a t i o  f o r  constant ramp 
angles; however, the  separation length is more strongly influenced by aspect 
r a t i o  as the  ramp deflect ion angle i s  increased. 
r a t i o  2 and oil-flow observations indicate  tha t  t he  separation-induced pressure 
r i s e  extends a considerable distance outboard of the l a t e r a l  edge of the  
f ini te-span ramps. Methods suggested by two-dimensional separation theory 
generally r e s u l t  i n  a good correlat ion of the plateau-pressure da ta  obtained on 
the  center l i n e  of t he  model with Reynolds number and Mach number. 

Data f o r  t he  ramps of aspect 

lThe bas ic  information presented herein w a s  a par t  of a t h e s i s  e n t i t l e d  
" A n  Experimental Investigation of the  Effects of Ramp Aspect Ratio and Deflec- 
t i o n  Angle on Laminar Boundary-Layer Separation i n  Hypersonic Flow" which was 
offered i n  p a r t i a l  fulf i l lment  of the  requirements f o r  t he  degree of Master of 
Aerospace Engineering, University of Virginia, Charlottesvil le,  Virginia, 
August 1964. 



Shock- induced boundary -1aye r 

INTRODUCTION 

separation on aerodynamic surfaces i s  a 
phenomenon of common occurrence i n  supersonic and hypersonic flows. 
changes i n  the  s t a b i l i t y  and t r i m  of a vehicle i n  hypersonic f l i g h t  may occur 
as a resu l t  of s h i f t s  i n  t h e  center of pressure and changes i n  the  magnitude 
of t h e  pressure l e v e l  on control surfaces and adjacent aerodynamic surfaces 
due t o  the occurrence of flow separation. 
sonic a i r c ra f t  may a l so  be ser iously a f fec ted  by boundary-layer separation 
ahead of inlet  compression surfaces. The adequate predict ion of such changes 
i n  the aerodynamic propert ies  of hypersonic a i r c r a f t  requires a de ta i led  knowl- 
edge of both the  charac te r i s t ics  of and t h e  parameters governing flow separa- 
t i o n  at  hypersonic speeds. The study of hypersonic boundary-layer separation 
phenomena i s  important as a r e su l t  of t he  great  i n t e r e s t  presently exhibited 
i n  t h e  development of high-speed vehicles.  

Large 

The performance of i n l e t s  on hyper- 

The e f f ec t s  of flow separation on t h e  surface pressure d i s t r ibu t ion  a r e  
g rea t ly  influenced by the  type of boundary-layer flow approaching the  separa- 
t i o n  point; t h a t  is, whether t h e  boundary layer  i s  laminar, t r ans i t i ona l ,  o r  
turbulent.  
magnitude of t he  t r ans i t i on  Reynolds number (based on downstream distance of 
t he  t r ans i t i on  point)  with increasing Mach number. 
a knowledge of laminar  boundary-layer separation phenomena becomes increas- 
ingly important f o r  hypersonic speeds. 

The experimental data of reference 1 show a marked increase i n  the  

These r e su l t s  indicate  t h a t  

Many experimental and theo re t i ca l  invest igat ions of laminar boundary- 
layer  separation at  supersonic speeds have been made i n  the  past .  (See, f o r  
example, refs. 2 t o  18.) References 17 and 18 contain comprehensive reviews 
of t h e  available experimental and theo re t i ca l  r e s u l t s  from invest igat ions of 
supersonic boundary-layer separation. For hypersonic flows, however, rela- 
t i v e l y  l i t t l e  experimental o r  t heo re t i ca l  information on boundary-layer separa- 
t i o n  i s  available.  Most of t h e  experimental and theo- 
r e t i c a l  invest igat ions of shock-induced separation f o r  both supersonic and 
hypersonic flows t o  date  have been concerned pr inc ipa l ly  with two-dimensional 
flow regimes. I n  most problems of p r a c t i c a l  importance, however, three-  
dimensional flow i s  present, and la teral  flow i n t o  o r  out of separation zones 
may appreciably a l t e r  t h e  shape and extent of the  separated region, with resu l t -  
ant  a l t e r a t ion  of t he  induced pressure f ie ld  on t h e  surface.  The shape of a 
separation zone i n  two-dimensional flow i s  dependent on the  volume of f l u i d  
trapped within the  separated region. The low-momentum f l u i d  i n  t h e  high- 
pressure separation zone responds readily,  however, t o  l a t e r a l  pressure gradi- 
en ts  which may exis t ;  l a rge  changes i n  t h e  separation pressure d i s t r ibu t ion  can 
thereby resu l t  because o f  t h e  p a r t i a l  collapse of t he  separated region i n  
three-dimensional flow. 
out" of t he  low-energy a i r  i n  t h e  separated region from t h e  spanwise extremi- 
t i e s  of ramps of f i n i t e  span may have la rge  e f fec ts  on t h e  aerodynamic control 
effectiveness and the  performance of some types of air i n l e t s .  The magnitudes 
of these e f fec ts  on the  pressure d i s t r ibu t ion  i n  t h e  separated region depend 
primarily on t h e  span of t h e  ramp if reattachment of t h e  boundary layer  occurs 
on the  ramp surface. That is, f o r  a given ramp span, increasing the  ramp chord 

(See r e f s .  19 t o  27.) 

This problem of three-dimensional venting o r  "bleed 
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beyond t h a t  required f o r  reattachment of t he  separated boundary l aye r  should 
not s ign i f icant ly  a f fec t  the  pressure d i s t r ibu t ion  i n  the  separated region. 

The purpose of t h e  present investigation i s  t o  es tab l i sh  t h e  extent and 
magnitude of t he  separation-induced pressure f i e l d  on f l a t  surfaces ahead of 
small-span ramps and t o  evaluate the  usefulness of theory f o r  two-dimensional 
flow f o r  correlat ing and predicting the  separation-flow parameters i n  cases 
where three-dimensional flow e f f ec t s  a re  s ignif icant  ( i .e., f o r  ramps of small 
span). 
mentally the  e f f ec t s  of ramp span and ramp def lect ion angle on the  character- 
i s t i c s  of separated laminar  flow at  hypersonic speeds and t o  compare the  exper- 
imental r e s u l t s  with the  predictions of two-dimensional boundary-layer separa- 
t i o n  theory. 

a t  a Mach number of 10.03 and free-stream Reynolds numbers per inch of approxi- 
mately 1.27 X lo5 and 1.53 X 16. 
f la t  p l a t e  with an aft-mounted ramp. 
varied from Oo t o  40° i n  increments of loo, and t h e  r a t i o  of t he  ramp span t o  
t h e  ramp chord ( the  ramp aspect r a t i o )  was varied from 2 t o  4 by varying the  
ramp span. 

I n  par t icu lar ,  t he  invest igat ion was undertaken t o  determine experi- 

The invest igat ion was made i n  the  Langley l5-inch hypersonic flow apparatus 

Pressure d i s t r ibu t ions  were obtained on a 
The def lect ion angle of t he  ramp was 

SYMBOLS 

A 

b 

c A 

Cm 

CN 

CP 

C 

C f  

K 

Li 
- 

'sep 

M 

ramp aspect r a t io ,  b/c 

ramp span 

axial-force coeff ic ient  

pitching-moment coeff ic ient  

normal-force coeff ic ient  

pressure-r ise  coeff ic ient ,  -(L 2 - 1) 7M02 

ramp chord 

l o c a l  sk in- f r ic t ion  coeff ic ient  

separat ion length, distance from separation point t o  ramp leading 
edge along x-axis 

Mach number 
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P pres  sure 

p i t  o t  pres sure p t  ' 

9 
7PM2 

2 
dynamic pressure, 

~O3VcOX l o c a l  Reynolds number based on free-stream conditions, - cbo R 

~ O V O X O  
RX; 0 

Reynolds number at  beginning of pressure interact ion,  
1 1 -  r U  

r leading-edge radius of p l a t e  

T temperature 

v veloci ty  

X longi tudinal  coordinate (see f i g .  2) 

Y 

z v e r t i c a l  coordinate ( see  f i g .  2) 

U angle of a t tack 

lateral  coordinate ( see  f i g .  2) 

p = JM2 - 1 

7 r a t i o  of spec i f ic  heats  

A canard-surface def lect ion angle 

6 boundary- layer t h i  ckne s s 

6* boundary-layer displacement thickness 

- ** i n  separation region 
dx 

E 

e ramp deflect ion angle 

CL coeff ic ient  of v i scos i ty  

PO in te rac t ion  pressure ra t io ,  - 
PO3 5 

P mass density of air 
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. 
Sub s c r i p t s  : 

a w  

e 

f 

0 

P 

S 

t 

W 

m 

adiaba t ic  wall 

condition at edge of boundary layer  

f i n a l  condition on ramp 

condition a t  beginning of interact ion 

condition i n  region of pressure plateau 

condition a t  separation 

stagnation condition 

condition on surface ( w a l l )  of model 

free-stream condition 

REVIEW OF BOUNDARY-LAYER SEPARATION THEORY 

Although numerous theo re t i ca l  methods are ava i lab le  f o r  predict ing t h e  
onset of boundary-layer separation and the  charac te r i s t ics  of two-dimensional 
separated flow, none of t he  avai lable  theo re t i ca l  solut ions are i n  good quanti- 
t a t i v e  agreement with experimental data. Boundary-layer separation information 
usefu l  f o r  design purposes has been based primarily on experimental data and 
semiempirical methods. 

The pressure d i s t r ibu t ion  on 
a f la t  p l a t e  with a separated two- 
dimensional laminar  boundary layer  
has a cha rac t e r i s t i c  plateau where 
the  pressure remains almost con- 
s t an t  over most of t h e  separated 
region. This constant-pressure 
region i s  i l l u s t r a t e d  i n  f igure  1, 
which shows a t y p i c a l  pressure 
d i s t r i b u t i o n  r e su l t i ng  from a sep- 
a ra ted  laminar boundary layer .  
This f igu re  a l s o  shows a sketch of 
t he  physical flow f i e l d  and 
def ines  the  quan t i t i e s  which are 
used i n  the  ana lys i s  of boundary- 
l aye r  separation. 

The analyses of references 2 
and 5 have i l l u s t r a t e d  t h a t  when 
an appreciable length of separated 

Edse Of 

Shock wave 

Region of reverse flow 
(Separated region) 

l 

a a 

XC xa 

Longitudinal distance, x 

Figure 1.- Sketch showing charac te r i s t ics  of a 
separated laminar boundary layer .  

chment 
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flow exis t s  i n  two-dimensional flow, t h e  conditions at  the  separation point 
and i n  the separated region a r e  e s sen t i a l ly  independent of t h e  geometric shapes 
inducing t h e  separation, and therefore  the  separation phenomena involved a r e  
essent ia l ly  similar. That is, the  s ign i f i can t  flow parameters a re  functions 
only of Mach number, Reynolds number, and surface w a l l  temperature. Thus, t h e  
analysis  of shock-induced boundary-layer separation may be broken i n t o  two 
par ts :  (1) the  determination of similar separation propert ies  such as the  
separation and plateau pressures; and (2)  the  determination of t h e  length of 
t h e  separated region. 

Reference 

2 

3 

4 

The s igni f icant  parameters necessary t o  describe the  cha rac t e r i s t i c s  of a 
separated bounriary layer. a1-e t h e  pi-esSiire rise f r o m  t h e  s t a r t  ~f t h e  S ~ ~ E E L -  

t i o n  interact ion xo t o  t he  separation point xs and the  pressure rise from 
xo t o  the pressure plateau. From consideration of order-of-magnitude argu- 
ments, C h a p n  and h i s  coworkers ( r e f .  2) concluded, from t h e  momentum equation 
f o r  steady two-dimensional flow i n  a viscous boundary layer  and t h e  equation 
f o r  t h e  inv isc id  supersonic flow externa l  t o  the  boundary layer,  t h a t  t he  pres- 
sures anywhere i n  the  separated region a re  functions of the  Mach number and the  
skin-fr ic t ion coeff ic ient  a t  xo; namely, 

Author EizD range KS KP 

Chapman, Kuehn, and 1 < &, < 3.6 0.93 1.82 
Larson 

Tr i l l ing ,  and Abarbanel 
Hakkinen, Greber, M , = 2  1.15 1.90 

G a d d  M,’1 1.13 ---- 

P - Po 

sg 
a 

Inasmuch as t h e  laminar  sk in- f r ic t ion  coeff ic ient  i s  inversely proportional t o  
t h e  square root of t h e  Reynolds number, equation (1) can be wr i t ten  as 

The best f i t  t o  t h e  experimental data of reference 2 ind ica tes  t h a t  t he  con- 
s t an t  
coeff ic ient  

K i n  equation (2 )  has the  value 1.82 f o r  t he  plateau pressure-r ise  
Cp, p, and 0.93 f o r  t h e  separat ion pressure-rise coef f ic ien t  Cp,s. 
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. 
I n  reference 17 equation (2)  was rewrit ten f o r  t h e  var ia t ion  of pressure 

i n  t h e  region of a separated laminar boundary l aye r  i n  terms of ce r t a in  uni- 
ve r sa l  empirical  functions, with t h e  r e su l t  t h a t  

where 

The values of t h e  function f were determined experimentally by using one s e t  
of pressure measurements 
Rx,o = 6.75 x d) taken 
at  separation 

and i n  t h e  region of t he  

f o r  a f r e e  in te rac t ion  i n  laminar flow (& = 2 
from reference 2. I n  reference 17, it w a s  found t h a t  

and 

constant-pressure plateau 

f r  iiXo) = f(1) = 1.47 

This method considers t h e  e f fec t  of w a l l  temperature on boundary-layer 
separation. 

An analys is  of t h e  separated region i n  reference 3 showed tha t  t he  separa- 
t i o n  length i s  almost proportional t o  the  pressure r i s e  i n  excess of t h a t  
required t o  induce inc ip ien t  separation and t h a t  t he  separation length var ies  
only weakly with Reynolds number; thus, 

A qua l i t a t ive  analysis  of the  charac te r i s t ics  of laminar boundary-layer sepa- 
r a t ion  was made i n  reference 17 and indicated t h a t  

7 



(This equation has been rewrit ten i n  t h e  notation of t h e  present paper. 
should be noted t h a t  
However, a relat ionship between Zsep i n  t h e  present paper and the  length of 
separation i n  reference 17 is  given i n  reference 17.) 
data of reference 3 obtained a t  a Mach number of 2 with separation induced by 

It 
Zsep as defined herein i s  not t he  same i n  reference 17. 

A correlat ion of t h e  

' E  an incident shock wave was used t o  determine the  function 
P O  

However, t h e  v a l i d i t y  of t he  r e su l t s  of reference 17 f o r  other  Mach numbers and 
f o r  other means of inducing separation has not been substantiated.  

I n  most problems of p rac t i ca l  importance, a separated laminar boundary 
l aye r  i s  composed of three-dimensional ra ther  than two-dimensional flow. 
three-dimensional e f f ec t s  as the  venting of t h e  separation region i n  f ron t  of 
a ramp of f i n i t e  span make the  theo re t i ca l  analysis  of three-dimensional-flow 
separation d i f f i c u l t .  
phenomenon can be gained, however, by using two-dimensional methods of analysis  
Therefore, t h e  three-dimensional results of t h e  present invest igat ion are com- 
pared with t h e  predictions of two-dimensional t heo re t i ca l  and semiempirical 
methods, and the  primary differences between the  two-dimensional predictions 
and the  three-dimensional experimental results are indicated.  

Such 

Some insight  i n t o  the  three-dimensional separation 

DESCRIPTION OF APPARATUS 

Tunnel 

The invest igat ion was conducted i n  t h e  Langley l5-inch hypersonic flow 
apparatus. 
Mach number of 10.03, stagnation pressures up t o  1700 psia,  and stagnation tem- 
peratures up t o  1500° F. 
i s t i c s  can be found i n  reference 27. 

This f a c i l i t y  i s  a hypersonic blowdown tunnel  which operates a t  a 

Detai ls  of t he  tunnel  and i t s  operational character- 

Model 

The bas ic  model consisted of a f la t  p l a t e  having a sharp leading edge with 
a r a d i u s  of less than 0.001 inch. A drawing of t h e  model i s  shown i n  f igure 2 
and a photograph of t h e  model mounted i n  t h e  tunnel  i s  shown i n  f igure  3.  
Provisions were made f o r  locat ing ramps of various def lec t ion  angles and spans 
at  t h e  rearward end of t h e  basic  f l a t - p l a t e  model. Three ramps were tes ted;  
a l l  had chords of 1.25 inches and spans of 5.00 inches ( A  = 4) ,  3.75 inches 
(A = 3), and 2.50 inches ( A  = 2).  
with deflection angles of loo, 20°, 30°, and 40°. 

R ~ P S  of each aspect r a t i o  were constructed 

The f l a t  p l a t e  had 21 s ta t ic -pressure  o r i f i ce s  located i n  th ree  para l le l ,  
streamwise rows. Nine pressure o r i f i ce s  were located on each of 
t h e  ramps of aspect r a t i o  3 and 4, and s i x  pressure o r i f i c e s  were located on 

(See f i g .  2.) 
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Resnrre orifice (See Table I for coordinates) 

i 

Figure 2.- Drawing of model. A l l  dimensions are in inches unless otherwise noted. 

L-64-509 
Figure 3.- Photograph of flat-plate model with a ramp of A = 4 

deflected 30' in Langley 15-inch hypersonic flow apparatus. 
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t h e  ramps of aspect r a t i o  2. 
locations on t h e  f l a t  p l a t e  and the  ramps. 
0.060 inch. 

Table I gives t h e  coordinates of t h e  o r i f i c e  
A l l  or i f i ce s  had a diameter of 

TABLE I.- LOCATION OF PRESSURE ORIFICES ON MODEL 

(a) Coordinates of o r i f i c e s  on f la t  p l a t e  

I x, i n .  

2.750 
3 750 
4.750 
5.750 
6 750 
7.750 
8.656 

(b )  Coordinates of o r i f i c e s  on ramps 

x, in .  Y, in.  

9 133 
9.516 1.150 

(4 

l- 9.900 } 0 

9 127 

9.883 
( 9.504 1.150 

1.150 

1.150 

-1.775 

-1.775 

-1 775 

-1.775 

-1 775 

%e ramps of aspect r a t i o  2 had no o r i f i c e s  at y = -1.775. 
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Nine thermocouples were embedded i n  the surface of the f l a t  p l a t e  t o  
measure the w a l l  temperature; they were placed i n  three para l le l ,  streamwise 
rows containing three  thermocouples each. The thermocouples were located a t  
x = 2.500, 5.500, and 8.4@ inches from the nose, and y = 0, 1.150, and 

I -1.775 inches from the  center l i ne .  

The model was constructed with a hollow i n t e r i o r  t o  allow water cooling 
during t e s t s .  The s ize  of t h i s  cavity and the  water-cooled area of t he  f l a t  
p l a t e  a re  shown i n  f igure 2. 

I I n s t  nunentat ion 

1 The s t a t i c  pressures of t he  21 or i f ices  on the f la t  p la te  were measured ' with e l e c t r i c a l  hot-wire type pressure gages having a pressure range from 0 
t o  20 millimeters of mercury. Pressures of the  o r i f i ce s  on the  ramps were 
measured with e l e c t r i c a l  strain-gage type pressure gages having a pressure 
range from 0 t o  2 psia.  
t r i c a l  pressure transducer which has a capabili ty of measuring pressures from 
0 t o  2000 psig.  The outputs from the  pressure gages were recorded with se l f -  

The stagnation pressure was measured with an elec- 
I 

I 
I balancing potentiometers having pen-type s t r i p  charts.  

Model surface temperatures were measured with chromel-alumel thermocouples 
I embedded i n  the  model surface. 

flow w a s  obtained with a chromel-alumel thermocouple located i n  the  s e t t l i n g  
chamber of t he  tunnel. 
recorded on the  s t r i p  charts.  

The stagnation temperature of t he  free-stream 

1 The outputs f rom the thermocouples were continuously 

A reflecting-mirror schlieren system having a horizontal  knife edge was 
used t o  obtain photographs of t he  boundary-layer growth along the  surface of 

I t he  model and the shock and expansion waves about t he  model. 

TESTS 

The experiments were conducted a t  a free-stream Mach number of 10.03, a t  
stagnation pressures of approximately 816 p s i a  and 1020 psia, and a t  corre- 
sponding stagnation temperatures of about 1098~ F and 1141O F, respectively.  
A discussion of the  va l id i ty  of using these stagnation temperatures, which are  
below the  theo re t i ca l  temperature required t o  prevent l iquefact ion of t h e  a i r  
during the  expansion i n  the  tunnel, i s  given i n  the appendix. The stagnation 
pressures and temperatures used correspond t o  free-stream Reynolds numbers of 
approximately 1.27 x 105 and 1.53 x l@ per inch. 
ta ined  at  an angle of a t tack of approximately Oo and the  leading-edge radius 
w a s  l e s s  than 0.001 inch throughout the investigation. Tests were made with 
ramp deflect ion angles of 0", lo", 20", 30G, and 40", and ramp aspect r a t i o s  
Of 2, 3, and 4. Because the  running time of the  tunnel (approximately 2 min- 
u t e s )  w a s  insuf f ic ien t  t o  enable the  basic f l a t - p l a t e  surface t o  reach equi- 
l ibrium temperature conditions (adiabat ic  w a l l  temperature), the  model was 
water cooled during each t e s t  i n  order t o  maintain an approximately constant 

The f l a t  p l a t e  w a s  main- 
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w a l l  temperature a t  any given location on the  model surface while the  pressure 
data were being recorded. Circulating water through the  model allowed approx- 
imately the same w a l l  temperature t o  be maintained a l so  a t  a given location 
on the  model surface f o r  a l l  t e s t  runs during the  investigation. 
shows t h e  range of w a l l  temperatures obtained on the p l a t e  during the  
investigation. 

Figure 4 

16 

12 

2 -  

Surface flow pat terns  were obtained by use of the oil-flow technique; 
t h a t  is, a mixture of lubricat ing o i l  and lampblack was applied t o  the  model 
surface i n  a dot pattern, and the model was then subjected t o  the a i r  stream. 
Photographs of the  resul t ing flow pat terns  on the  various model configurations 
were obtained during the t e s t  runs. 

_ _ - -  
- -L (recovery factor = 0.85) 

- 

- 

4 -  

ACCURACY OF DATA 

The estimated accuracies of the static-pressure data measured with the  
hot-wire type transducers on the f la t  p l a t e  and the  strain-gage type t rans-  
ducers on the  ramps a re  kO.O& ps ia  and f0.02 psia, respectively. The 

20 7 

(a) = 1.27 x Id per inch. 

% (recovery factor = 0.85) 

R 
(b) = 1.53 x Id per inch. 

Figure 4.- Variation of w a l l  temperature on f l a t  p la te .  

stagnation-pressure measure- 
ments a re  estimated t o  have 
an accuracy of k10 psia .  
These estimates of t he  accu- 
rac ies  of the  pressure meas- 
urements are based on the  
l inear i ty ,  hysteresis,  and 
repea tab i l i ty  of t he  ca l i -  
brat ions f o r  the  pressure 
transducers. 

The w a l l - t  emperature 
measurements a re  estimated 
t o  have an accuracy of +lo F, 
and the stagnation-temperature 
measurements have an e s t i -  
mated accuracy of k4O F. 
temperature accuracies a re  
based on the  accuracy of 
reading the  s t r i p  charts and 
the  accuracy of determining 
the  reference temperature. 

The 

RESULTS AND DISCUSSION 

A s  w a s  mentioned pre- 
viously, the  magnitude of the 
three-dimensional e f f ec t s  on 
the  pressures i n  the  sepa- 
ra ted  region ahead of 

12 



f in i te -span  ramps depend primarily on t h e  span of t he  ramp and not s ign i f i -  
cant ly  on t h e  ramp chord if reattachment of  the boundary layer  occurs on the  
surface of t h e  ramp (which i s  t h e  case f o r  a l l  t e s t s  of t he  present investiga- 
t i o n ) .  However, i n  t h e  present paper, the span has been divided by the  con- 
s t an t  ramp chord i n  order t o  nondimensionalize the  span. 
b/c 
cussion i s  stated i n  terms of t he  aspect r a t i o  
b l e  i s  i n  r e a l i t y  the  ramp span ra ther  than the aspect r a t i o  as such. 

The resu l tan t  r a t i o  
is, by def ini t ion,  t he  aspect r a t i o .  Consequently, t he  following dis-  

b/c; however, t he  ac t ive  varia- 

Experimental Results 

Effect of ramp def lec t ion  angle.- The center-l ine pressure d i s t r ibu t ions  
shown i n  f igure  5 and the  schl ieren photographs of f igure  6 ind ica te  t h a t  
boundary-layer separation r e s u l t s  w i t h  all ramp deflect ions of the  present 
invest igat ion.  
e s sen t i a l ly  constant pressure plateau a re  typ ica l  charac te r i s t ics  of a sepa- 
ra ted  laminar boundary l aye r  and they occur fo r  a l l  ramp deflect ions and aspect 
r a t i o s .  (See f i g .  5 . )  However, t h e  locat ion xo at which the  separation 
in t e rac t ion  begins, as wel l  as the  pressures i n  the  separated region, i s  s ign i f -  

The pressure r i s e  upstream of the  ramp leading edge and the  

i can t ly  a f fec ted  by changing the  
geometric and flow parameters 
constant. A s  t h e  def lec t ion  
angle of t h e  ramp i s  increased, 
t h e  loca t ion  of the  start of 
t h e  pressure r i s e  due t o  the  
separation moves upstream and 
r e s u l t s  i n  a decrease i n  the  
Reynolds number Rx,o at the  
start of t h e  in te rac t ion .  A s  
might be expected, inasmuch as 
Chapman ( r e f .  2) indicates  that 
t h e  plateau pressure i s  
inversely proportional t o  
Rx,O, t h e  plateau pressure a l s o  
increases  with ramp def lec t ion  
angle. (See f i g s .  5 and 7.) 

The loca t ion  of t he  sepa- 
r a t ion  point w a s  determined 
from schl ie ren  photographs such 
as those shown i n  f igure  6. 
The flow was assumed t o  sepa- 
r a t e  from t h e  surface of the  
f la t  Dlate d i r e c t l y  below t h e  
in t e r sec t ion  of t h e  outer  e Q e  
of t he  boundary l aye r  and t h e  
shock wave generated by the  
separat ion region. (See 
f i g s .  1 and 6.)  The var ia t ion  

ramp deflect ion angle while keeping the  other  
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Figure 5.- Effect of ramp def lec t ion  angle on lon- 
gi tudinal  pressure d is t r ibu t ion  on noninsulated 
f la t  p la te .  R y = 0; - = 1.27 x 105 per inch. X 



of the  separation length (i .e. ,  distance from separation point t o  ramp leading 
edge) with the ramp deflection angle f o r  the  ramps of various aspect r a t io s  i s  
shown i n  f igure 7. 
with increasing ramp def lect ion angle within the  range of the  present data .  
This correlation of t he  separation length with ramp deflect ion angle agrees 

The separation length appears t o  increase almost l i nea r ly  

( a )  e = oO. 

i 

14 

(b) 8 =loo; A = 4. 

( c )  e = 20°; A = 4. 

(d) e = 30°; A = 4- L-65-37 

Figure 6.- Typical schl ieren photographs 
showing ef fec ts  of ramp deflect ion 
angle. 1.26 x 16’ per inch. 

with references 3-and 17, which 
indicate  t h a t  the  separation 
length i s  proportional t o  the 
f i n a l  pressure reached on the  
ramp ( i .e . ,  the  pressure that 
would be reached on an i n f i -  
n i t e l y  long ramp). The ramp 

w i t h  an increase i n  ramp angle. 
Figure 7 a l so  shows a large 
e f f ec t  of ramp aspect r a t i o  
on the length of separation. 

n w n c e ~ ~ v n  LYUYLI  L 9 ef c = ~ r c p ,  i n c r ~ g s ~ s  

Effects of ramp aspect 
ra t io . -  The e f f ec t s  of ramp 
aspect r a t i o  on the  three- 
dimensional pressure d is t r ibu-  
t i o n  on the f lat  p l a t e  a re  
shown i n  f igures  8 t o  11. 
These f igures  show large e f f ec t s  
of ramp aspect r a t i o  on the  
extent of the  separation region 
resul t ing from deflect ing the  
ramps and a l so  show la rge  
e f f ec t s  on the  pressure d is -  
t r i bu t ion  i n  the  separated 
region. Decreasing the  ramp 
aspect r a t i o  from 4 t o  2 
r e su l t s  i n  decreases i n  t he  
magnitude of the  separation- 
induced pressures. Also, the  
locat ion of the  start of the  
separation pressure r i s e  moves 
downstream on the f l a t  p l a t e  
with decreasing aspect ra t io ,  
and a corresponding increase 
i n  Rx,o resu l t s .  Two- 
dimensional separation theory, 
of course, does not explain 
t h e  decrease i n  the length of 
the  separation region with 
decreasing ramp aspect ra t io ;  
however, the  theory does pre- 
d i c t  t he  decrease i n  the  mag- 
nitude of the  induced pressure 
r i s e  t o  the  constant plateau 
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Figure 7.- Effect of ramp def lect ion 
angle on separation length and on 
plateau pressure. y = 0; 
R = 1.26 X I d  per inch. 
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Figure 8.- Concluded. 
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(b)  Lateral  pressure d is t r ibu t ion .  

Figure 9.- Effect of ramp aspect r a t i o  on pressure d is t r ibu t ion  on noninsulated f la t  p la te .  
R e = 200; 1.q x 16 per  inch. 

pressure with the  increase i n  Rx,o resulting from t h e  decrease i n  The 
decrease i n  t h e  length of t h e  separation region i s  a three-dimensional e f fec t ,  
but t he  pressures i n  t h e  three-dimensional separation region a re  influenced by 
t h e  Reynolds number a t  the  beginning of t h e  in te rac t ion  and therefore  by t h e  
distance xo i n  t h e  same manner as f o r  two-dimensional flow separation. The 
lateral  pressure d is t r ibu t ions  shown i n  f igures  8 (b ) ,  g(b),  10(b),  and l l ( b )  
a r e  essent ia l ly  two-dimensional (p/poo constant with y )  i n  t h e  instrumented 
portion of the  f la t  p l a t e  except i n  t h e  area near t h e  ramp leading edge. 
should be noted t h a t  the  lateral  pressure d i s t r ibu t ions  i n  f igures  8 t o  11 a r e  
faired t o  agree with the  f a i r ings  of t h e  longi tudinal  pressure d is t r ibu t ions .  ) 
I n  t h e  area near t h e  ramp edge ( t h a t  is, near x = 8.656 in . ) ,  as can be seen 
from both t h e  lateral  and the longi tudinal  pressure d is t r ibu t ions ,  t he  pressure 
decreases near t he  lateral  edge of t h e  ramp as a r e s u l t  of the  outflow of t h e  
low-momentum air  from t h e  r e l a t ive ly  high-pressure separated region a t  t h e  ranp 
center t o  t he  low-pressure region outboard of t h e  ramp edge. This outflow of 
t h e  low-momentum air  can be seen i n  t h e  photographs and sketches of t h e  oil-flow 

(It 
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(a) Longitudinal pressure distribution. (b) Lateral pressure distribution. 

Figure 10.- Effect of ramp aspect ratio on pressure distribution on noninsulated flat plate. 
9 = 30'; E = 1.28 X Id per inch. 

X 

pat te rns  shown In  f igure 12. 
collapse of t he  overal l  displacement bubble, which lowers the  "effective body" 
near the  ramp edge and hence lowers the induced pressures. A s  the  r m p  deflec- 
t i o n  angle i s  increased t h i s  bleedout effect  becomes more pronounced and 
r e s u l t s  i n  appreciable reductions i n  the  pressure near t he  outboard edge of the  
ramp. The ef fec t  of the  bleedout of the  low-momentum air  has an increasingly 
important e f f ec t  on the  pressures i n  the separated region as  the  aspect r a t i o  
decreases. 
of t h e  pressure d is t r ibu t ion  on t h e  f la t  plate  with the ramp of 
def lected 30°. 
decreasing aspect r a t i o  and the  corresponding decreases i n  pressures r e s u l t  i n  
a decrease i n  the  length of t he  separated region, inasmuch as the  pressures i n  
t h e  separated region a re  functions of the  distance t o  the  separation-induced 
pressure r i s e .  Therefore, there  i s  a tendency f o r  t he  three-dimensional sepa- 
ra ted  flow t o  adjust  itself so t h a t  t he  character is t ic  pressures i n  the  sepa- 

(based on distance t o  interact ion)  s a t i s f y  equation (2 ) .  x, 0 
ra ted  region and R 

A s  a re su l t  of t he  outflow, there  i s  probably a 

This ef fec t  can be seen from the three-dimensional plot  i n  f igure 13 

The p a r t i a l  collapse of the region of vortex-type flow with 
A = 2 

A s  can be seen from the schlieren photographs of f igure 14 and the  curves 
of f igure  15, the  length of separation on the model center l i ne  varies almost 
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Figure ll.- Effect of ramp aspect r a t i o  on pressure d is t r ibu t ion  on noninsulated f la t  p la te .  
0 = 40'; = 1.31 x I d  per inch. 
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l i n e a r l y  with t h e  aspect r a t i o  at  a given ramp def lec t ion  angle. 
var ia t ion  of separation length with aspect r a t i o  becomes more pronounced as the  
ramp angle is  increased. 
t o  11 indicates t h a t  there  a re  only small differences i n  t h e  magnitudes of 
a t  y = 1.150 inches, y = -1.775 inches, and at  the  model center l i n e .  There- 
fore, at least i n  t h e  instrumented portion of t h e  f la t  plate ,  there  are on ly  
s m a l l  three-dimensional e f f ec t s  on t h e  length of separation. However, as can 
be seen from the  oil-flow photographs i n  f igure  12, t h e  separation region 
extends outboard of t h e  l a t e r a l  edge of t h e  r a p s  t o  the  edge of t h e  f l a t  p l a t e  
with a considerable l a t e r a l  var ia t ion  i n  t h e  dis tance t o  t h e  separation point 
xs. The pressure d i s t r ibu t ions  f o r  t h e  ramps of A = 2 at y = -1.775 inches, 
which i s  0 . 5 s  inch outboard of t he  la teral  edge of t h e  ramp ( f i g s .  8 t o  11 
and 13) indicate t h a t  t h e  induced pressure r ise a l so  extends l a t e r a l l y  a con- 
s iderable  distance outboard of t he  extremit ies  of t he  ramp. Inasmuch as the  
separation length decreases with decreasing aspect r a t io ,  t h e  length of t he  
separated laminar boundary layer  resu l t ing  from i n l e t s  or  t h e  def lect ion of 
flap-type controls on hypersonic a i r c r a f t  would probably be smaller than t h a t  
which would be predicted by two-dimensional separation theory. However, t h e  
ac tua l  extent of t h e  three-dimensional separated region may be considerably 

However, t h e  

A study of t h e  pressure d i s t r ibu t ions  i n  f igures  8 
xo 
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e = 30°, A = 4. 

e = 40°, A = 2. 

<a j Wotographs vi uil-rlow pttei-iis. ~-62-38 

Figure 12.- Photographs and sketches of t yp ica l  oil-flow 
pa t te rns  on f la t  p l a t e  with ramps of various deflec- 
t i o n  angles and aspect r a t io s .  



g r e a t e r  than t h a t  predicted by two-dimensional separation theory because t h i s  
region extends outboard of t he  l a t e r a l  extremities of the  f l a p s  o r  i n l e t s .  

Effects of free-stream Reynolds number.- The e f f ec t s  of varying the  f ree-  
stream Reynolds number from approximately 1.26 x lo5 t o  1.56 x 105 per inch on 
the  pressure d i s t r ibu t ion  on the  f l a t  p l a t e  a re  shown i n  f igure  16. 
Reynolds number var ia t ion  had e s sen t i a l ly  no e f f ec t  on the  pressure d is t r ibu-  
t i ons  on t h e  basic  f la t  p l a t e  ( 0  = 00)  and on the  ramp configurations with 
0 = 20°, A = 4, and 0 = 40°, A = 2. 

This 

Comparison of Experimental Results With Two-Dimensional Theory 

Correlation of plateau pressure with Rx,o and Mo.- The equations t h a t  
have been developed f o r  two-dimensional laminar boundary-layer separation 

,--Separation line 

e = 30°, A = 4 

8 - boo, A - 2 
(b)  Sketches of oil-flow pat terns .  

Figure 12. - Concluded. 

provide a method of correlat ing the  
plateau pressures i n  a separated region 
with Mach number and Reynolds number. 
These equations (eqs. (2)  and ( 3 ) )  indi-  
cate  t h a t  t h e  plateau-pressure data 

should cor re la te  i f  Cp,ppo 1/2 i s  

p lo t t ed  as a function of Rx,o o r  i f  

cP, PRX, 0 is  p lo t ted  as a function 
of b. I n  order t o  evaluate these 
cor re la t ing  functions, t he  Mach number, 
t h e  Reynolds number, t he  w a l l  tempera- 
ture ,  and the  s t a t i c  pressure at the  
start of t he  separation-induced pres- 
sure r i s e  must be determined. A study 
of t he  separated pressure d i s t r ibu t ions  
i n  f igure  5 indicates  t h a t  t h e  pres- 
sure f i r s t  begins t o  r i s e  approximately 

Figure 13.- Three-dimensional p lo t  showing 
pressure d is t r ibu t ion  on flat plate .  
e = 30°; A = 2; R 1.29 x 1 6  per  inch. 
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1 inch ahead of t he  separation point. Therefore, xo has been assumed t o  be 
1 inch ahead of t he  separation point (XO = xs - 1 in. )  i n  the  determination of 
po, &, and Rx,o. I n  t he  present investigation, t he  w a l l  temperature and 
t h e  s t a t i c  pressure a t  xo have been obtained by experiment. An estimation 
of t he  Mach number at  
Mach number of t h e  flow over a two-dimensional wedge whose half-angle i s  such 
t h a t  t h e  pressure on the  surface of the  wedge i s  equal t o  the  experimental 
value of po; t h a t  is, Mo can be determined from ( r e f .  28) 

xo may be obtained by assuming tha t  it i s  equal t o  the  

where 6 = 5. The Reynolds number Rx,o a t  the  beginning of t he  separation- 
p, 

induced pressure r ise may be determined from the  loca l  Mach number, t h e  stag- 
nation temperature, t he  s t a t i c  pressure at xo, and the  distance xo. 

A correlat ion of t he  plateau-pressure data of t he  present investigation 

with Reynolds number i s  shown i n  f igure l7(a) where Cp,-,p0 'I2 i s  p lo t ted  as 
a function of Rx,O. I n  t h i s  figure, t h e  experimentaldata of t he  present 
investigation are compared with 
the  correlat ion curve (eq. ( 2 ) )  
from reference 2, which i s  f o r  
flow over an insulated f la t  
plate,  and with t h e  correla- 
t i o n  curve (eq. ( 3 ) )  from ref- 
erence 17, which considers the  
e f fec t  of heat t ransfer .  Gen- 
eral ly ,  t he  experimental data  
tend t o  l i e  between t h e  two- 
dimensional theore t ica l  curves 
of references 2 and 17, and the  
experimental values of 

1/2 decrease with 

increasing Rx,o as predicted. 
The agreement between t h e  two- 
dimensional separation theories  
and the  experimental three- 
dimensional da ta  indicates t h a t  
t he  plateau pressures i n  a 
+h-en-a<-,.m-< -,.-,.-..+-a 

region depend on the  same var- 
iables as t h e  plateau pressures 
i n  a two-dimensional separation 
region. 

cP, PPO 

u i i i  LL U~uicuoLuuaL o c p a l  a u c u  

( a )  e = 40°; A = 3 .  

(b) 0 = 40'; A = 2. L-65-39 

Figure 14 . -  Typical schlieren photographs showing 

ef fec ts  of ramp aspect r a t i o .  = 1.31 x 10 5 
per inch. 
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The plateau-pressure data of t h e  present invest igat ion (i.e.,  M, = 10.03) 

are correlated with Mach number i n  f igu re  l7(b)  where Cp,pR,,o 1/4 i s  p lo t t ed  

as a function of Mo. 
pressure data obtained from references 2, 3 ,  19, and 26 f o r  boundary-layer 
separation f o r  values of M ,  from 1.3 t o  16. The deviation of t h e  present 
three-dimensional data with heat t r ans fe r  from the  two-dimensional theor ies  of 
references 2 and 17 f o r  flow over an insulated p l a t e  i s  of t h e  same order of 
magnitude as t h e  deviation of t h e  two-dimensional data from t h e  same theor ies  
at. ether Y!& E-abers.  

Also shown i n  t h i s  f igure  a r e  two-dimensional plateau- 

Length of separation.- References 3 and 17 have suggested that the length 
of a two-dimensional laminar separation region i s  a function of the pressure 
rise from the constant-pressure plateau t o  the  f i n a l  pressure on the ramp. I n  
order t o  determine whether t h e  lengths of the three-dimensional separation 
region of the present invest igat ion a re  functions of t h e  same variables  as t h e  
lengths of a two-dimensional separation region, t he  present da t a  have been 
p lo t t ed  i n  f i gu re  18 as functions of the parameters suggested i n  references 3 
and 17. Reference 3 suggests t h a t  t h e  length of a two-dimensional separation 

4 

2 
0 

Figure 15.- Effect of ramp aspect r a t i o  on sepa- 
r a t ion  length and plateau pressure. 

2 c 1.26 x Id per inch. 
y = 0; 

region i s  a function of 

(Cp,f - 1*21Cp,p)Rx,o . ( see  

eq. ( 5 ) . )  The experimental data 
of t he  present invest igat ion,  
however, do not include t h e  f i n a l  
pressures on t h e  ramps; therefore,  
pf has been determined by 
inv isc id  shock theory. A s  can be 
seen i n  f igu re  18(a), t h e  sepa- 
r a t ion  lengths  on the model center 
l i n e  a r e  a funct ion of the param- 
e ter  suggested i n  reference 3 f o r  
a given ramp aspect r a t i o .  Thus 
t h e  length of a three-dimensional 
separation region appears t o  be 
a function of t h e  same variables  
as t h e  length of a two-dimensional 
separation region. However, t h e  
length of a three-dimensional 
separation region is, i n  addition, 
a function of ramp aspect r a t i o .  
A t  a niven value of 

-1/8 

length of separation decreases 
with decreasing aspect r a t i o .  

Reference 17 suggests t h a t  
t h e  length of a two-dimensional 
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Figure 16.- Effect of Reynolds number on pressure d is t r ibu t ion  on noninsulated flat p l a t e  
w i t h  ramps of various deflection angles and aspect ra t ios .  
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Figure 16. - Concluded. 

”. (See eq. (6) .  ) The separation Pf - 
P O  

separation region is  a function of 

lengths on t h e  model center l i n e  f o r  t h e  present invest igat ion a re  p lo t t ed  as a 
function of pf - pp i n  figure 18(b) .  

figure 18(b) were a l s o  determined by inv isc id  shock theory. 
2sep s iona l  separation length - 
60 

photographs) i s  an almost l i n e a r  function of t h e  f i n a l  pressure-r ise  coeff i -  

c ien t  pf - pp at  a given ramp aspect r a t i o .  A s  can be seen from figure 18(b), 

The f i n a l  pressures on t h e  ramps f o r  
P O  

The nondimen- 

( E o  determined experimentally from schl ieren 

PO 

”, the  nondimensional separation length decreases 
Pf - 

P O  
a t  a given value of 

with decreasing aspect r a t io .  

These r e su l t s  ( f i g .  18) indica te  t h a t  t h e  length of a separation region 
resu l t ing  from a f ini te-span ramp i s  a function of t h e  same ‘parameters (i .e. ,  
pf, pp, and 
I n  addition, t h e  three-dimensional separation length i s  a l s o  a function of 
ramp aspect r a t i o .  The separation length i s  probably a l so  a function of t h e  
Mach number, t h e  free-stream Reynolds number, and possibly t h e  walltempera- 
t u r e  on the  f l a t  plate;  however, t he re  was no attempt t o  evaluate t h e  e f fec t  
of these parameters on the  length of separation i n  t h e  present invest igat ion.  

po) as t h e  length of a separated region i n  two-dimensional flow. 
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Figure 17.- Correlation of plateau pressure with Reynolds number and Mach number. 
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. 
CONCLUDING REMARKS 

An invest igat ion has been made of t he  e f fec ts  of ramp def lec t ion  angle and 
ramp span on laminar boundary-layer separation at a free-stream Mach number 
of 10.03. 
t h e  separation-induced pressure d i s t r ibu t ion  on f l a t  surfaces ahead of small- 
span ramps and t o  evaluate the  usefulness of two-dimensional t heo re t i ca l  methods 
f o r  cor re la t ing  and predicting the  charac te r i s t ics  of three-dimensional 
separation. 

The study was undertaken t o  es tabl ish t h e  extent and magnitude of 

The experimental r e s u l t s  ind ica te  t h a t  increasing t h e  def lec t ion  angle of 
a f ini te-span ramp on a f lat  p l a t e  from 10' t o  40° resu l ted  i n  an increase i n  
t h e  length of t he  region of separated flow along the  model center  l i n e  and an 
increase i n  the  magnitude of t he  pressures i n  the  separation region. 
t h e  ramp aspect r a t i o  (i .e. ,  t he  ramp span) from 4 t o  2 a t  a given def lec t ion  
angle r e s u l t s  i n  a rearward movement of t h e  separation point and a decrease i n  
magnitude of t h e  pressures i n  t h e  separated region. The r e s u l t s  show t h a t  t he  
length of separation along the  model center  l i n e  decreases almost l i n e a r l y  with 
decreasing aspect r a t i o  f o r  constant ramp angles; however, t he  separation 
length is  more strongly influenced by aspect r a t i o  as t h e  ramp def lec t ion  angle 
i s  increased. 
ind ica te  t h a t  t he  separation-induced pressure r i s e  extends a considerable 
dis tance outboard of t h e  l a t e r a l  edge of the three-dimensional ( i . e . ,  f i n i t e  

' 
Decreasing I 

I ' 
~ 

l 

Data f o r  t h e  ramps of aspect r a t i o  2 and oil-flow observations 
I 

, span) ramps. 

Methods suggested by two-dimensional separation theory general ly  r e s u l t  
i n  a good cor re la t ion  of t h e  plateau pressure-rise coef f ic ien ts  obtained on 
t h e  center  l i n e  of t he  f l a t  p l a t e  with Reynolds number and Mach number. The 
r e s u l t s  a l s o  show t h a t  t he  length of a three-dimensional separation region i s  
a function of the  same parameters as t h e  length of a two-dimensional separa- 
t i o n  region, but i n  addition, t he  length of a three-dimensional separation 
region a l s o  depends on t h e  ramp aspect r a t i o  ( i . e . ,  t h e  ramp span). Therefore, 
these  e f f e c t s  of ramp aspect r a t i o  must be considered when predict ing the  char- 
a c t e r i s t i c s  of a separated laminar boundary l aye r  ahead of a f ini te-span ramp. 

l 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., February 18, 1965. 



APPENDIX 

A I R  CONDENSATION 

A i r  condensation occurs i n  a hypersonic nozzle when t h e  decreasing pres- 
sure and temperature of t h e  expanding flow reach o r  exceed t h e  a i r  sa tura t ion  
point ( i .e. ,  t h e  combination of pressure and temperature f o r  which a component 
of a i r  f i r s t  condenses). To avoid condensation, t h e  air  i n  t h e  tunnel must be 
heated t o  stagnatfai t e z p r ~ t c r e s  su f f i c i en t ly  hi& YO i i iat  t h e  s t a t i c  a i r  t e m -  
peratures throughout t he  expansion are grea te r  than t h e  sa tura t ion  temperature. 
For tunnels operating a t  a hypersonic Mach number, however, t h i s  approach 
becomes d i f f i c u l t  because of t h e  very high stagnation temperatures required. 

1003 I200 1400 1600 1800 2000 2200 

stagnstion temperature, OR 

Figure A-1.- Stagnation temperature and pressure a t  
onset of a i r  condensation. M = 10.03. 

The present tests were 
conducted at stagnation t e m -  
peratures below those theo- 
r e t i c a l l y  required f o r  
avoiding a i r  sa tura t ion  i n  
order t o  extend the  operating 
l i f e  of t h e  direct-current  
res is tance tube heater  used 
i n  t h e  Langley 15-inch hyper- 
sonic flow apparatus. The 
stagnation temperatures used 
i n  the  present t e s t s  (on t h e  
order of l l O O o  F) were 
se lec ted  on t h e  basis of a 
de ta i l ed  study of ava i lab le  
experimental data on conden- 
sa t ion  e f f ec t s  ( f o r  example, 
r e f s .  29 and 30) which indi-  
cated tha t ,  as a r e s u l t  of 
supersaturation of t h e  
expanding flow, stagnation 
temperatures well  below those 
theo re t i ca l ly  required are 
su f f i c i en t  t o  prevent air  
condensation i n  a wind tunnel.  
This decrease i n  t h e  required 
stagnation temperature 
r e su l t i ng  from t h e  e f f e c t s  of 
supersaturation ( i .e., a con- 
d i t i o n  i n  which t h e  air  
expands t o  a temperature 
lower than t h e  sa tura t ion  
temperature without t h e  onset 
of condensation) can bes t  be 
seen i n  figure A-1. This 
figure shows t h e  theo re t i ca l  

28 



9r 
Pt 
- 

APPENDIX 

- \- c 2 3-3-0-0 

values of stagnation temperature and pressure f o r  which the  air  expanding i n  a 
nozzle t o  a Mach number of 10.03 w o u l d  become saturated and a l s o  shows t h e  
values of stagnation temperature and pressure at  which air  condensation ac tua l ly  
occurs. The curves f o r  t h e  onset of condensation were taken from the  experi- 
mental data of references 29 
and 30. These r e s u l t s  indicate  
tha t ,  f o r  t h e  stagnation pres- 
sures  of t he  present t e s t s ,  a 
stagnation temperature approxi- 
mately 300° F below t h e  t e m -  
perature  required t o  prevent 
a i r  sa tura t ion  can be used 
without t he  occurrence of 
condensation. 

I n  f igu re  A-2 t h e  e f f ec t s  
of s tagnat ion temperature on 
t h e  pressure d i s t r ibu t ions  on 
t h e  noninsulat ed f la t  p l a t  e at 
M = 10.03 a r e  shown. A s  can 
be seen i n  t h i s  f igure,  a var- 
i a t i o n  i n  stagnation tempera- 
t u r e  from lO32O F t o  1208O F 
and from 1163O F t o  l2O5O F at 
free-stream un i t  Reynolds num- 
bers  of approximately 
1.37 x 16 and 1.44 x lo5 per  
inch, respectively,  had essen- 
t ialJ-y no e f f ec t  on the  pres- 
sure d i s t r ibu t ions  on the  f l a t  
p l a t e .  I n  order t o  determine 
t h e  stagnation temperature at 
which a i r  condensation begins 
s ign i f i can t ly  t o  a f f e c t  data 
obtained i n  the  Langley l>-inch 
hypersonic flow apparatus, 
t e s t s  have been made at con- 
s t a n t  stagnation pressure with 
varying stagnation temperature. 
The r e s u l t s  of these  experi- 
ments a r e  shown i n  f igu res  A-3 
and A-4. A t  a stagnation pres- 
sure of 825 psia, s ign i f icant  
e f f e c t s  of air  condensation on 
t h e  tunnei  w a i i  staLic pi-esr3il1.e 
and t h e  tunnel  p i t o t  pressure 
do not occur u n t i l  t h e  stagna- 
t i o n  temperature has been 
reduced below about 930° F. 
(See f i g .  A-3.) 
s tagnat ion temperature on t h e  

The e f f ec t  of 

&., p i a  T+.,"P Rh p r  inch 

1, inches 

R 
(a) 1.37 x ld per  inch. 

(b) i= 1.44 x ld per inch. 

Figure A-2.- Effect  of stagnation temperature 
on pressure d is t r ibu t ion  on noninsulated 
f la t  p la te .  

.w3 r 

0 I I I I I I I I I I I I  
720 800 880 960 1040 U20 lzoo 

T,; OF 

( b )  Variation of p i t o t  pressure with T t .  

Figure A-3.- Effect of stagnation temper- 
a ture  on tunnel-wall s t a t i c  pressure 
and p i t o t  pressure i n  Langley l5-inch 
hypersonic flow apparatus a t  
pt = 825 psia .  
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(a) Sketch of model. (All dimensions are in inches unless otherwise noted.) 
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Figure A-4.- Effect of stagnation temperature on force and, moment characteristics 
of a typical hypersonic model in Langley 15-in& hypersonic flow apparatus at 
pt = 825 psia. 
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force  and moment data f o r  a typ ica l  hypersonic a i rp lane  model i s  shown i n  f ig -  
ure  A-4. pt = 825 psia,  air  condensation e f f e c t s  
on force and moment data are not important at temperatures grea te r  than about 
970° F. 
flow apparatus ind ica te  that  stagnation temperatures i n  t h e  v i c i n i t y  of llOOo F 
(as i n  t h e  present t e s t s )  a r e  su f f i c i en t  t o  prevent air  condensation i n  the 
tunnel  at  stagnation pressures i n  the  v i c in i ty  of 825 psia .  

, 
l These r e s u l t s  show tha t  a t  

These experimental r e s u l t s  obtained i n  the  Langley l5-inch hypersonic 
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